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Abstract 
Epoxy/glass composite containing two different micro-fillers was developed by vacuum bagging technique.  The effect of 
ceramic whisker (7.5 wt%) and solid lubricant filler (2.5 wt%) on mechanical and dry sliding wear behavior of epoxy/glass 
composites was studied. The mechanical property characterization included evaluations of tensile, flexural and impact properties 
as per ASTM standards. The dry sliding wear tests were conducted on pin-on-disc arrangement with steel disc as counterface. 
Experimental results indicated that single incorporation of ceramic whisker can improve stiffness, friction coefficient and anti-
wear abilities of epoxy/glass composites significantly. The strength properties of composites were slightly reduced after whisker 
addition. However, incorporation of solid lubricant as secondary filler resulted in improvement of both mechanical and 
tribological properties of composites. It was also found that tribological properties of filled epoxy/glass composites were closely 
related with sliding conditions such as applied load and sliding velocity. The deformation and failure mechanisms under tensile 
loading and dry sliding were investigated using SEM photographs. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Nowadays polymer composites have become an important class of tribo-material for engineering applications, 
not just for their low cost and ease in manufacturing, but for their excellent tribological behavior (Sinha and Briscoe, 
2009). Friedrich et al.(2005) have shown that incorporation of micro- and nano-ceramic fillers into fiberreinforced 
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polymer composites haveimproved their tribo-performance. Polymer composites with fibers and/or solid lubricants 
have been used in case of components where external lubrication is practically not feasible. Some solid lubricants 
such as polytetrafluoroethylene (PTFE), molybdenum disulfide (MoS2) and graphite (Gr) have excellent wear-
resistance and anti-friction abilities and commonly used in environments where fluid lubricants are ineffective. The 
modification of mechanical and tribological properties of polymers by combined action of fibers, ceramic fillers 
and/or internal lubricants has shown promising results and has been a subject of considerable interest.  
Very recently,Basavarajappa and Ellangovan (2012) have studied the effect of adding fillers namely, silicon 
carbide (SiC) and Gr into epoxy/glass composite systems. They reported that addition of both SiC and Gr (5 wt% 
each) has considerably reduced the specific wear rate of epoxy/glass composites. However, when SiC content was 
increased to 10 wt%, wear rate was found to increase. Their study indicated that there exist an optimum percentage 
of fillers for best performance. Normal load was found to have great influence on wear rate of epoxy/glass/SiC/Gr 
composites followed by sliding velocity and sliding distance was of least significance. Shivamurthy et al.(2013) 
have mentioned that 3 wt% Gr into epoxy/glass multilayered laminates has led to enhancement of both mechanical 
and dry sliding wear performance of laminates. However, Gr beyond 3 wt% deteriorated both mechanical and 
sliding wear properties. The formation of clusters of Gr at higher filler content was cited as main reason for 
deterioration in properties of epoxy/glass laminates. Gouda et al.(2013)have confirmed that modification of epoxy 
matrix by 0.2 wt% graphene nanoparticles has enhanced the tensile elastic modulus and hardness of epoxy based 
hybrid fiber (glass/carbon) composite. However, they observed that same amount of carbon nanotubes has shown a 
different effect and improved the bending modulus and impact behaviour of hybrid fiber composite.  
It has been reported by Tang et al. (2011) that for best combination of friction coefficient and wear rate, optimal 
volume content of MoS2 in aramid fiber-reinforced polyamide 6 composites is 10%. The main wear mechanisms 
identified under dry sliding were plastic deformation and mechanical micro-ploughing. Bijwe et al. (2000) have 
reported that glass fiber reinforcement (18%) along with solid lubricants (PTFE and MoS2 , 2%) enhanced the wear 
performance of polyether sulphone by an order of two. In case of solid lubricants, PTFE was proved to be more 
beneficial than MoS2. Zhang et al. (2011) have reported the distinct influence of Gr and MoS2 on the friction and 
wear behavior of hybrid PTFE/Nomex fabric reinforced phenolic composites. The dry sliding test results showed 
that Gr was effective in improving the wear performance of hybrid composites whereas MoS2 was unfavorable for 
improving the wear resistance. Authors also revealed that MoS2was oxidized into MoO3during sliding and absence 
of the layered structure of MoO3resulted in a higher wear rate of fabric composite. It has been concluded by Zang et 
al. (2012)modification of carbon fiber (CF) by TiO2 effectively improved the load transfer between carbon fiber and 
low density polyethylene (LDPE) matrix since introduction of TiO2 can form nano-bridging between fibers and 
matrix. Effective interfacial adhesion has led to the improvement of the tensile, flexural and impact properties of the 
TiO2-deposited CF+LDPE composites. 
Among numerous ceramic fillers, dual ceramic oxide filler namely, potassium titanate whisker (PTW, 
K2O.6TiO2) is found to be a promising reinforcer for polymers, metals and ceramics (Zaremba and Witkowska, 
2010). These whiskers have excellent mechanical properties, chemical resistivity, thermal stability, improved wear 
resistance, lower cost and good dispersibility in polymer resins. The combinative effect of PTW along with other 
fibers/fillers in case of polymers is also reported in literatures. Kumar et al. (2011) have reported that ternary 
combination of reinforcements (aramid fiber+PTW+Gr) with phenolic matrix has assured the improved performance 
of this composite as friction lining material. The synergistic effect of CF and PTW to enhance the tribological 
performance of poly-ether-ether-ketone (PEEK) composites has been reported by Xie et al. (2011).It has been 
mentioned that PTW was beneficial in sharing the partial pressure and reducing the stress concentration effect on 
CF-PEEK interface thereby protected CF from failure/damage. Long et al. (2007) observed that addition of 10 wt% 
PTW along with ramier fiber into polypropylene (PP) has improved tensile, bending and impact strengths of hybrid 
composite. Mu et al. (2010) have shown that at elevated temperatures (160-240°C) the friction coefficient of 
PTW/PTFE/PEEK composites was more stable and 30% lower than that of CF/PTFE/PEEK composites at various 
sliding conditions. Moreover, it was found that the wear rate of PTW-filled PTFE/PEEK composites was only 10 to 
40% that of CF/PTFE/PEEK composites. This study demonstrated that PTW can be a cost effective alternative for 
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high cost carbon microfibers. In a different study on PEEK/PTFE composites filled with PTW fillers, it was 
demonstrated by Xie et al. (2010)that both friction coefficient and wear rate of composites decreased with increase 
in PTW content. These authors have also stated that abrasive effect of whiskers on counterface at initial stage of dry 
sliding, formation of transfer film and embedding of the worn-out free whiskers back into the composite surface 
were the main mechanisms to enhance the wear resistance of PEEK/PTFE/PTW composites. The extensive 
literature survey indicated that there are very less amount of work done to reveal the reinforcing effect of PTW with 
thermoset polymers. 
In light of above, the present work is aimed at studying the effect of addition of PTW and Gr on mechanical and 
dry sliding wear behavior of epoxy/glass composites. This paper also highlights the comparison between three types 
of matrix material reinforced with glass fibers, namely, neat epoxy, epoxy+7.5 wt% PTW and epoxy+7.5 wt% 
PTW+2.5 wt% Gr. 
2. Experimental Details 
2.1Materials 
The matrix system used was a medium viscosity epoxy resin (LY556) and amino based hardener (HY951), both 
supplied by Huntsman Advanced Materials India Pvt. Ltd, Bengaluru, India. The main reinforcement E-glass fibers 
(plain-woven fabric type, 212 g/m2, Figure 1a) of filament diameter 9 μm were purchased from Arun fabrics, 
Bengaluru, India. The filler material PTW was obtained from Hangzhou Dayangchem Co. Ltd, Hong Kong, China.  
These whiskers are of splinter shape (morphology is documented in Figure 1b) with very small diameters 0.2-2.5 
μm and lengths 10-100 μm. The layered crystal structures of these whiskers make them stable and do not 
decompose the binder resin during processing.  The lubricant filler used was graphite of size <50 μm and flaky in 
appearance (Figure 1c) and was procured from a local supplier from Bengaluru, India. The glass fibers and the 
fillers were used as received with no surface modification at user end. 
 
 
Fig. 1.Morphology of (a). Glass fibers; (b). PTW fillers; (c). Graphite flakes.  
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2.2 Sample preparation 
The composite laminates used for investigation were prepared using hand layup procedure followed by vacuum 
bagging for consolidation. To prepare solid lubricant filled epoxy/glass/PTW composites, weighed amount of pre-
dried PTW and graphite were stirred gently into epoxy resin. Hardener was then added to epoxy-filler mixture in 
proportion as recommended by manufacturer.  Under constant stirring, matrix-filler mixture was coated on glass 
fabrics in sequence. Twelve layers of glass fabrics were employed to obtain laminated thickness of 3mm. The 
compaction pressure for the laminate was applied by means of drawing vacuum (640 Hg-mm) for 2 hours and 
laminate was allowed to cure under room temperature for 24 hours. Post curing of composite samples at 100°C was 
performed in a hot air oven for about 2 hours. The base epoxy/glass composites (without fillers) and 
epoxy/glass/PTW composites (without internal lubricant) were also prepared for comparison purpose. The test 
specimens were prepared from laminates using diamond tipped high speed cutter. The details of composites with its 
designation and composition are presented in Table 1. 
                    Table 1. Material designation and its composition. 
Material designation 
Material Compositions (wt%) 
 
Epoxy Glass fibers PTW fillers Graphite 
A1 50 50 - - 
A2 42.5 50 7.5 - 
A3 40 50 7.5 2.5 
2.3 Mechanical properties 
All mechanical tests were performed at room temperature and as per ASTM standards. Density of test samples 
was measured as per Archimedes’ principle using distilled water as media. Hardness of developed composites was 
measured using Rockwell hardness tester (Saroj, India). Tensile and flexural testing were carried out on universal 
testing machine (JJ Lloyd, London, UK) of 1-20kN capacity, considering a gauge length of 50mm and cross head 
speed of 2 mm/min. Impact testing was done on un-notched test specimens using Izod impact tester (Ceast, 25J 
maximum). The results reported are average of at least five samples. 
2.4 Dry sliding friction and wear testing  
The friction and wear behavior of composites sliding against steel disc were evaluated on TR20E-PHM-400 
model pin-on-disc machine (DUCOM, Bengaluru, India). The sliding was performed under dry friction conditions at 
normal loads of 30, 60 and 90 N; sliding velocities of 2.5, 5 and 7.5 m/s and for constant sliding distance of 4.2 km. 
The composite specimen was glued to steel pins and test surface was abraded with grade 400, 600 and 800 SiC 
paper in sequence to obtain surface roughness Ra of 0.4-0.7 μm. This ensures the uniform contact of specimen 
surface with steel disc. The specimen surface and steel disc were thoroughly cleaned by acetone and dried before 
conducting each test.  The friction coefficient (μ) was calculated as per Equation (1).  
ߤ ൌ  ி೟ிಿ         (1) 
where Ft is the tangential frictional force (N) measured directly from monitor attached to pin-on-disc machine 
and FN is applied normal load (N). The wear was measured in terms of weight loss of specimen using high precision 
digital weighing scale (Shimadzu, AY220, 0.1 mg accuracy, Japan). The specific wear rate, Ws (mm3/N-m), which 
describes wear performance of material under selected conditions was determined as per Equation (2). 
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ܹݏ ൌ  οெிಿǤఘǤௗ          (2) 
Where, ∆M is mass loss, ρ is density of specimen and d is sliding distance. The one value reported is an average 
of three specimens. 
2.5 Scanning electron microscopy (SEM) 
Tensile fractured surface and worn out surface of test samples were gold coated (Joel JFC-1600, Auto fine 
coater, Japan) and observed under SEM (Joel JSM-6380LA, Japan) to identify different possible fracture 
mechanisms. 
3. Results and Discussion 
3.1Mechanical properties 
Figure 2 shows the typical tensile stress–strain curves of composites tested. For A2 specimen a brittle failure 
found to occur and failure strain reduced compared to A1 specimen. As seen, addition of graphite has increased the 
tendency of A2 specimen to draw. Tensile properties such as elastic modulus, failure strain and failure stress are 
obtained (Table 2) from the engineering stress–strain curves shown in Figure 2. The failure stress and strain were 
considerably lower for the A2 specimen compared to A1 specimen, and then increased for A3 specimen sharply 
with the addition of 2.5 wt% graphite filler. However, elastic modulus increased consistently with the addition of 
ceramic fillers to A1 specimen.  These tendencies imply that addition of graphite has a significant effect on 
alteration of the mechanical properties of epoxy/glass/PTW composites. It is mainly attributed to strong interface 
interaction and good chemical bonding between epoxy and graphite powder.  Similar findings have been reported 
elsewhere (Yasmin and Daniel, 2004; Deng and Ye, 1999). 
 
 
 
 
Fig.2. Typical engineering stress-strain curve of composites under tensile loading conditions. 
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Table 2 indicates the mechanical properties of developed composites. It can be observed that density and 
hardness of A2 and A3 composites have increased marginally when compared to A1 composites. There is an 
improvement in density of around 6% and 7% in case of A2 and A3 composites respectively when compared to A1 
composites. Thus it is clear that whiskers and lubricants have contributed to density of epoxy/glass composites. 
Rockwell hardness number is also found to increase with the addition of ceramic fillers. Addition of 7.5 wt% PTW 
has moderately improved the hardness of A1 composites; however, inclusion of only 2.5 wt% of Gr has 
considerably contributed to hardness of A2 composites. This improvement in both density and hardness is an 
obvious effect of adding denser and harder ceramic phase into softer polymer which is also illustrated in the 
literature by Rothon (2003). 
                                    Table 2. Mechanical properties of composites. 
Mechanical Properties Composite Materials 
A1 A2 A3 
Density (ASTM D792-08)  (g/cc) 1.5819 1.6778 1.6986 
Rockwell Hardness (ASTM D785-08) M 95 M 99 M 102 
Tensile Strength (ASTM D3039-08) MPa 278.38±2.94 247.38±2.78 262.04±3.62 
Tensile Modulus (ASTM D3039-08) GPa 4.897±0.022 6.189±0.047 6.568±0.085 
Percentage Elongation (ASTM D3039-08) 9.862±0.094 8.308±0.060 9.037±0.092 
Flexural Strength (ASTM D790-10) MPa 319.50±2.77 274.12±2.36 309.67±3.92 
Flexural Modulus (ASTM D790-10) GPa 12.784±0.136 14.873±0.042 15.372±0.087 
Impact Strength (ASTM D256-10) J/mm 2.266±0.02 1.862±0.02 2.640±0.02 
The tensile properties in current study have shown differing trends with addition of fillers. As observed from 
Table 2, addition of PTW has deteriorated strength of A1 composites under tensile loading conditions by nearly 
11%. However, there is increase in tensile modulus of about 26% in case of A2 composites. This increase in tensile 
modulus is with corresponding decrease in percentage elongation as seen from Table 2.  The ceramic whiskers seem 
to constrain the plastic deformation of epoxy matrix and reduced the failure strain under tensile loading. Addition of 
small percentage of Gr into A2 composites has considerably improved the tensile properties of composites. There is 
a gain of about 6% both in strength and modulus, and 9% gain in percentage elongation after the addition of 
lubricant filler. Small content of Gr resulted in matrix yielding and slightly improved the ductility in A3 composites.  
The variations observed in flexural properties are similar to that under tensile loading conditions. The flexural 
strength of A1 composite was found to reduce with PTW loading and slightly increased after Gr addition into A2 
composite. However, there is a constant increase in flexural stiffness after adding ceramic fillers. Under impact 
loading, the trend observed is in line with tensile and flexural strengths of composites. However, it is interesting to 
note that small additions of Gr in A3 composites has increased impact strength of A2 composite, which is greater 
than impact strength of A1 composite. This is mainly because Gr is a good toughener for epoxy.  
From Table 2, one can observe that strength of A1 composite under different loading conditions such as tensile, 
flexural and impact has decreased after adding PTW (A2 composites), whereas these strengths have increased after 
adding Gr (A3 composites). This opposing trend can be attributed to the morphology of PTW and Gr fillers. As 
observed under SEM, PTW are in whisker form, with large length/diameter ratio. These whiskers in splinter shape 
have sharp corner points which results in stress concentration in epoxy matrix under different loading conditions. 
This stress concentration effect results in early failure of composites. However, Gr in flaky form provides 
reinforcing effect with epoxy matrix, in opposite to weakening effect of PTW, and this result in better stress transfer 
between epoxy matrix and Gr filler thereby enhance strength properties. 
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3.2 Morphology of tensile fractured surfaces 
The fracture morphology of fiber dominated laminates is more complex, but is generally a combination of three 
basic failure mechanisms namely, (1) matrix plastic deformation, (ii) fiber matrix debonding and (iii) fiber fracture 
and these modes are very common in continuous fiber reinforced composites (Greenhalgh, 2009). Tension failure is 
the simplest failure mode to consider when examining the bidirectional composites.  And a large number of 
researchers have explained the mechanisms associated with this mode (Suresha et al.2007; Karippalet al. 2011; 
Jappes et al. 2012).  
Figure 3 exhibits the fractographs of tensile fractured surface of composites. The direction of tensile loading is 
indicated by a white arrow on each micrograph. It is known that tensile failure modes are intricate and tensile 
strength is dictated by load bearing longitudinal glass fibers. From fractographic perspective, when examining fiber 
reinforced polymer composites, the most efficient approach is to focus on the failure of fibers. The other failure 
modes such as matrix cracking and delamination obviously have developed before unstable fracture occurs.  
 
 
 
 
Fig. 3. Tensile fractured surfaces (a) and (b) A1 specimen; (c) and (d) A2 specimen; (e) and (f) A3 specimen. 
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From Figure 3a, one can observe extensive splitting of fibers (marked as ‘1’) in A1 specimen. A close 
observation of this specimen (Figure 3b) indicates that most of fibers fail individually along its length (marked as 
‘2’) and fiber fracture surface is almost normal to loading direction. Fiber breakage normal to fiber orientation is 
indication of brittle failure in material. The matrix crack (marked as ‘3’in Figure 3c) and ruined resin-filler mixture 
(marked as ‘4’ in Figure 3d) can be observed in case of A2 composites.  Some voids formed on matrix surface 
(marked as ‘5’) due to fiber pull-out can be observed in Figure 3d. The SEM features such as matrix failure at 
fractured region, extensive fiber splitting and misaligned fibers after fracture observed in case of A2 composite give 
hint about the weakening effect imparted by adding PTW into epoxy/glass composites.  
Figure 3e and 3f presents the micrographs of A3 test specimen. It can be seen from Figure 3e that fibers have 
failed in bundles (marked as ‘6’) and each bundle fail in different planes. This figure shows less severe splitting of 
fibers on fractured surface.  The comparative degree of fiber splitting on the tensile fracture will also provide 
evidence of fiber/matrix bond strength. Limited extent of splitting of fibers in case of A3 composites may be due to 
strengthening effect of matrix by Gr particles, providing better stress transfer between epoxy matrix and glass fibers.  
The SEM examination of loose fibers at the fractured surface was problematic, mainly because of large difference in 
their depth position. Furthermore, these loose fibers appear as bright spots due to common problem of ‘charging’ 
during SEM evaluations (Greenhalgh, 2009). To avoid the magnitude of charging, accelerating voltage was kept 
slightly at low level (5 kV) during microscopic observations.  The SEM pictures presented here support our earlier 
claim that PTW deteriorated tensile strength and Gr particles have improved the tensile strength of corresponding 
composites. 
3.3 Coefficient of friction (μ) 
Table 3 reports μ values of composites under experimental conditions. It can be observed that increase in the 
load reduces μ values. This behaviour is true for all three types of composites considered in study. Opposite to this 
observation, increase in velocity has shown differing trend in μ values. Referring to Table 3, it can be stated that, the 
effect of load on μ is more pronounced in case of A1 and A2 composites, whereas effect of velocity on μ is more 
pronounced in case of A3 composites. For sliding of polymers against metallic counterparts, friction component 
from adhesion equal to product of real contact area and shear stress of the softer material (Chang et al. 2007). With 
an increase in load, contact temperature will generally increase due to frictional heating. This increase in interface 
temperature softens the polymer matrix, reduces its shear strength there by cause a decrease in μ values. Thus 
increase in normal load for a given velocity and material combination, usually have a tendency to reduce friction. 
This decreasing trend in μ with increase in normal load is also witnessed in the present study. The fluctuations in 
frictional performance with change in sliding speed can be attributed to the change in staking place in third body 
layer in which inorganic fillers such as PTW and particulate lubricant such as Gr play major roles. These alter the 
friction layer thickness and thereby contact area between composite surfaces and counter disc. These ingredients in 
layer redistribute themselves with increase in sliding velocity and slightly alter μ values. 
Table 3. Coefficient of friction (μ) under different loads and velocities. 
Materials 
Velocity 2.5 m/s Velocity 5 m/s Velocity 7.5 m/s 
30N 60N 90N 30N 60N 90N 30N 60N 90N 
A1 0.44 0.43 0.41 0.43 0.42 0.40 0.43 0.42 0.39 
A2 0.45 0.44 0.43 0.44 0.43 0.43 0.44 0.44 0.43 
A3 0.32 0.31 0.29 0.36 0.34 0.32 0.39 0.37 0.36 
Figure 4 shows evolution of μ versus sliding time for different composites. The friction coefficient increases 
initially and arrives at relatively stable state after a running in-period of about 5 min. In the steady state period, μ 
values for all composites have shown oscillatory nature with sliding time. This is an expected behaviour as effective 
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contact area at the sliding interface continuously changes with sliding time for given load and velocity conditions 
due to third body concept explained earlier. It is clear that inclusion of ceramic fillers has remarkably changed μ 
values of composites. However, ceramic whiskers obviously increased μ values. Nevertheless, combination of 
whisker and graphite has significantly reduced μ values of A1 composites. In addition, filled epoxy/glass composites 
exhibited smooth variations in friction when slid against steel surface. This gives a hint about more stable evolution 
of transfer film.  It is demonstrated by Mu et al. (2010) and Chang et al. (2007)that inorganic fillers always increase 
the abrasive force during sliding.  The results showed a small increase in μ after adding PTW into A1 samples. 
However, μ of A3 composites decreased remarkably after small addition of Gr.  
 
 
Fig.4.Variation of Coefficient of friction (μ) with sliding time (5m/s and 90N). 
 
It is well known that graphite is a lamellar structure solid lubricant, which consists of hexagonal rings forming 
thin parallel planes (graphenes) bonded to each other by weak Van der Waals forces. The layered structure allows 
sliding movement of the parallel planes (Chung, 2002). During sliding, frictional forces cause the graphite particles 
to orient in the direction, in which the graphenes are parallel to the sliding movement. Weak bonding between the 
planes provides low shear strength in the direction of the sliding movement but high compression strength in the 
direction perpendicular to the sliding movement. The combination of low coefficient of friction and high carrying 
load capacity imparted by the presence of graphite improves the dry sliding performance of A3 composites.  
Similar results have been reported in previous researches which analysed the friction and wear behaviours of 
epoxy/glass composites incorporating Gr as lubricant filler (Basavarajappa and Ellangovan 2012;Shivamurthy et al. 
2013; Kishore et al. 2005; Basavarajappa et al. 2009; Suresha et al. 2006). In the present study, order observed in the 
frictional performance of composites is A2>A1>A3. Thus A3 composites showed lowest μ values. 
3.4 Specific wear rate (Ws) 
Figure 5a shows the specific wear rate of composites as normal load was increased from 30N to 90N, while 
sliding velocity was kept constant at 7.5 m/s. It is worth pointing out that the specific wear rate of A1 composite is 
very high due to its poor wear resistance. However, wear resistance (inverse of specific wear rate) of A1 composite 
was greatly enhanced by the addition of ceramic fillers. Without the whiskers, polymer matrix around fibers was 
easily removed by hard asperities of steel disc, resulting in higher wear rate of A1 composites. When epoxy was 
modified by PTW as in A2, cutting resistance of composite could be increased resulting in lower wear rate. Under a 
load of 30 N, a maximum reduction of about 49% and under a load of 90 N, a reduction of about 42% in the wear 
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rate of A1 composite was observed after addition of ceramic whiskers. After addition of Gr solid lubricant, 
reduction in wear rate of A2 composites observed was about 37% under a load of 30N and about 28% reduction 
under a load of 90N. Comparing the performance of A1 and A3 composites, it can be stated that whiskers and 
particulates together have reduced the wear rate of A1 composites by more than 50% under all normal loads. The 
PTW and Gr, both being heat resistant fillers were able to withstand the high interface temperature produced due to 
severe sliding conditions. In a recently published literature, Mohan et al. (2011) have studied the sliding wear 
behaviour of Gr filled epoxy/glass composites at elevated temperatures (30-90°C). They mentioned that addition of 
Gr enhanced the thermal conductivity of composites and prevented the increase in sliding temperature and specific 
wear rate of composites. It was also  demonstrated byWu et al. (2010)that combined action of PTW and ceramic 
fibers has improved the tribological and thermal properties of phenolic resin based friction materials at elevated 
temperatures (100-350°C). Authors have concluded that enhancement of thermal stability by the whiskers and 
intermolecular interactions between the reinforcements and resin are responsible for improved performance of 
friction materials.  In line with these observations, in the present study also, PTW and Gr were able to ensure heat 
stability and improve wear performance of epoxy/glass composites under dry sliding against steel disc.  
Figure 5a also indicates the effect of normal load on wear rate of composites. It can be observed that, wear rate 
of all composites tested has decreased with corresponding increase in normal load. The decrease in wear rate (i.e. 
volumetric loss per unit load and unit sliding distance) indicates load bearing ability of A2 and A3 composites. 
These ceramic fillers were able to share the portion of normal load applied and hence reduce wear rate. The effect of 
sliding velocity on the wear rate of composites is presented in Figure 5b. When sliding velocity was increased from 
2.5 m/s to 7.5 m/s, the corresponding increase in the wear rate observed was 40%, 54% and 80% in case of A1, A2 
and A3 composites respectively.  Increase in sliding velocity for a given load increases frictional heat at the sliding 
interface due to severe rubbing action and this contributes to increase in interface temperature. This increased 
temperature softens the epoxy matrix and ceramic fillers are easily dislodged from composite and take part in sliding 
process as third body debris. Increase in sliding velocity also have the tendency to disrupt the transfer film formed. 
All these factors cause an increase in wear rate of composites. 
The effective role of transfer film to control the wear behaviour of polymer composites is 
explainedbyBahadur(2000). During initial stages of sliding, epoxy matrix wear out and exposed ceramic whiskers 
rub the counterface. This low Mohs hardness whisker (Mohs scale 4) provides a polishing effect on steel disc to 
smoothen the surface. The transfer film formed on the steel disc consists of mainly resin, whisker, Gr particulates. 
The presence of these ingredients act as third body layer and avoids the direct contact between composite surface 
and steel disc and greatly improve the dry sliding performance.   
 
 
 
Fig. 5. Specific wear rate as a function of (a). Normal load; (b) Sliding velocity. 
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3.5 Worn surface morphology 
SEM images are used to investigate the effect of PTW and Gr addition on worn surface morphology of 
epoxy/glass composites (Figure 6). The worn surface feature of A1 composite reveals micro-grooves formed in the 
sliding direction with matrix wear debris covering glass fibers. Fiber-matrix debonding and broken pieces of glass 
fibers can also be seen on the worn surface (Figure 6a). A large amount of wear debris collected on these micro-
grooves can clearly be seen in higher magnification image (Figure 6b). This large collection of wear debris is a good 
indication of plastic deformation of polymer matrix in A1 samples. The matrix debris and fibers peeled-off indicated 
that severe adhesive and slight fatigue wear took dominant place that correspond to poor tribological performance of 
A1 samples. 
 
 
Fig. 6. Worn out surfaces. (a) and (b) A1 specimen, (c)  A2 specimen, (d) and (e) A3 specimen (90 N, 7.5 m/s, 4.2 km). 
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Referring to Figure 6c, the worn surface of A2 composite suffered less damage than A1 composite under same 
sliding conditions. The compressed and sheared fibers in case of A2 composites can be seen. This rubbing action of 
the glass fibers with the steel disc could be the reason for increase in μ values of epoxy/glass composites after the 
addition of PTW fillers (Table 3). The worn surface of A2 samples designated mild abrasion as main wear 
mechanism. The surface of A3 composites (Figure 6d) with Gr is even smoother than that of A2 composite.  The 
breakage of epoxy matrix in fiber-matrix interfacial region is significantly inhibited by ceramic fillers allowing fiber 
to remain in the composite thus reducing the wear rate of A2 and A3 specimen. The severity of wear is weakened 
after addition of Gr solid lubricant particles. These observations indicate that Gr in small quantities is constructive 
for wear reduction of A2 composites. The worn surface of A3 sample is characterized by slight adhesive wear which 
is in support of its improved dry sliding performance. 
The presence of Gr in A3 composite obviously changed sliding wear mechanisms and worn surface is 
characterized by mild plastic deformation. Improvement in dry sliding wear behaviour of A3 specimen can be 
attributed to good solid-lubricating and easy shearing action provided by Gr particles (Chung, 2002). However, a 
close examination of A3 sample (Figure 6e) indicates that, delamination between glass fiber and matrix has initiated 
under severe sliding conditions and glass fiber might debond under subsequent sliding process. It can be also 
inferred that SEM photos of worn out surfaces are relevant to wear rates of composites. 
4. Conclusions 
x Mechanical properties of epoxy/glass/PTW (A2) composites were improved with addition of small 
percentage (2.5 wt%) of graphite as a filler. Addition of PTW alone has deteriorated strength properties of 
epoxy/glass composites whereas in combination with Gr, strength properties considerably improved. 
x Tensile failure mode has revealed matrix plastic deformation and fiber splitting as dominant failure 
mechanisms.   
x Dry sliding performance of epoxy/glass composites (A1) were poor and it improved after addition of PTW 
and graphite. PTW alone has increased the friction coefficient whereas graphite has considerably reduced 
the friction coefficient of end composites. However both fillers have improved the wear resistance property 
of epoxy/glass composites.  
x Worn surface features revealed a change in the wear mechanism from severe adhesive wear to mild 
abrasive wear and mild plastic deformation after the addition of PTW and Gr fillers. 
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